Abstract-Electromyography is one of the tools to measure fatigue indirectly. Widely research on electromyography and fatigue have been done include onset of fatigue and transition of fatigue during physical activity. The investigation not focusing on the muscle only, but other physiological indicator also involved to see the correlation. However, the information of electromyography behavior after activity is very limited. This paper provides investigation on lower extremities muscle activities before and after a single treadmill test. Fatigue mapping is done for electromyography and heart rate as physiological indicators. Two analyses based on time and timefrequency are chosen to process the signals. The results show that the behavior of electromyography amplitude and heart rate are back to normal condition (recover) in two to three hours, and median frequency shows faster recovery.
I. INTRODUCTION
Fatigue or muscle fatigue due to physical activity refers to the point at which the muscle is no longer able to sustain or maintain the required force or work output level after prolonged use of muscle [1] - [3] . Undetected muscle fatigue and inadequate muscle recovery from fatigue will cause injury such as overuse injury and possible damage to the body structure [1, 4, 5] . There are several common biological and physical behaviours that can be refered to fatigue such as reduction of contractile force, hypoventilation, cramps and lack of energy [4] . Quantitatively, fatigue during or after physical activities and sports can be measured through blood test, muscle biopsies, rating of perceived exertion (RPE), monitoring distress and response questionnaire and heart rate [1, 4, 6] .
There are direct and indirect measures to evaluate muscle fatigue after activity. Direct assessments are through maximal voluntary force generation, power output, and low frequency fatigue, while indirect measures include endurance time and electromyography [7] . Previous researchers has combined both physiological fatigue indicator and indirect measures of muscle fatigue during their investigation to see the cross correlation between both information [8] , [9] . Previous researches also focus on fatigue mapping during the activities. However, there is very limited information on EMG behaviour after activities or recovery period.
Therefore, this research is intended to provide information on EMG after physical activities. Heart rate will be physiologic indicator of fatigue and be part of the investigation to see the cross correlation between both parameters. Although previous research in [10] also worked on EMG and heart rate from a single treadmill test, but it focus on transition from non-fatigue to fatigue during the activity. EMG signals will be evaluated using time-domain analysis and wavelet analysis. Two features are chosen to map fatigue condition: mean absolute value (MAV) and median frequency (F med ).
II. METHODS

A. Experimental Design and Procedure
EMG monitoring after single physical activities has been performed on a subject of 30 years old age. The subject is healthy, does not suffer from heart disease, diabetic, high blood pressure and chronic disease. The subject also passes the self-screening questionnaire and Physical Activeness Readiness (PAR-Q and You) to ensure that the subject is ready to perform physical activity.
Tests were done in three separate days, where the subject needs to run on a treadmill for ten minutes for a distance of 1 kilometer. The speed is range between 5km/hour to 8km/hour, depends on comfortability of the subject. No familiarization session required since the subject is familiar with the activity. EMG signals are recorded before and after the exercise. Five EMG signals are recorded after activities within 40 minutes intervals each. Other than EMG, heart rate (HR) is also monitored before and after activity.
Four channels were recorded in parallel using custom made EMG system. The EMG system provides 130dB common mode rejection ration (CMRR), gain amplifier at 248 and integrator to remove dc offset. The separate bipolar electrodes were positioned at four lower extremities muscles, and the reference electrode was placed at the knee of the subject.
B. Electromyography Measurement
Surface 
medialis (VM), rectus femoris (RF) and biceps femoris (BF).
The muscles are chosen based on human body mechanics during running which BF are activated prior to foot strike and at push off, and the VL, VM and RF are active during early swing phase [11] .
III. SIGNAL PROCESSING
The raw EMG signals were recorded using National Instrument Data Acquisition (NI-DAQ) system and stored in a laptop for further process. The signals were digitized at 1000 Hz. The signal processing has been divided into two main stages: pre-filtering and post-processing as shown in Fig. 1 .
Frequency bandwidth of EMG signals is range between 20 to 2 kHz, where the dominant energy is in the 50-150 Hz frequency range [12] - [14] . Therefore, a Finite Impulse Response (FIR) band pass filter is added with cut-off between 20Hz and 200Hz as pre-filtering. Signals below 20Hz is removed to solve baseline noise contamination and movement artefact problem due to movement and dynamic contraction as suggested by De Luca [15] , while 200Hz essential to remove signals outside the dominant EMG energy. The EMG signals then go through a post processing stage where the fatigue will be evaluated by selected features. Time domain analysis and wavelet analysis were used to investigate the behavior of EMG signals through mean absolute value (MAV) and median frequency (F med ).
A. Time Domain Analysis
Fatigue can be determined from EMG signals by the increasing of its amplitude and energy [16] . Physiologically, the changes on amplitude behaviour is influenced by the shape and propagation velocity of the intracellular action potential, firing rates and number of active units [2] . MAV is one out of 26 parameters manipulated from time domain information which can provide fatigue information [17] .
MAV parameter is an average of absolute value of the amplitude, and can be defined as:
This parameter has been used in evaluating fatigue in several researchers before [17] - [19] . The MAV calculation is focusing when the muscle is active as shown in the box in Fig. 2 . Through decomposition technique in DWT, the signals will be filtered by high pass filter (HPF) and low pass filter (LPF) at different cut-off frequency at several stages. Resulting multi resolution analysis (MRA) where EMG signals may be accessed at different frequencies and scales. The LPF output will produce approximation coefficient (a n ), while HPF output will produce detail coefficient (d n ). Daubechies 5 (db5) is chosen as wavelet function as it yielded best result for EMG signals [20] . Based on the details coefficient, de-noising can be applied through hard thresholding method. The determined threshold will only allow the wanted signals above blue line and discard unwanted signals under the line as shown in Fig. 4 . This method will help to remove the baseline noise and emphasis the muscle contraction. Fig. 5 shows the EMG signals before and after de-noising technique where the baseline noise successfully removed. From the de-noised signals, the F med frequency can be determined. EMG behavior results are presented in MAV and F med , and heart rate measurement, in beat per minute (bpm). For the MAV and F med as analyses, the average values were obtained from three measurements. Six EMG measurements and heart rate are taken, where one belongs to before the activity (Before), and plot 1-5 belong to the measurements after the activity. Duration of recovery is assumed if the parameter is able to be back at normal position, which is plot 'before' the activity after the first measurement (plot 1) is taken. Fig. 6 shows the changes on MAV before and after treadmill test. As mentioned before, amplitude of EMG signals will tend to increase to indicate fatigue. It correlates to Fig. 6 where the MAV is higher just after the activity as shown in plot 1 compared to amplitude the before activity (Before). Similar positive slope was shown as in previous research recorded in [10] when fatigue appeared. Plots 2 to 5 are the measurements during recovery which have taken 40minutes in each interval.
A. MAV
Physiologically, Fig. 6 shows large numbers of motor units are still active just after the treadmill test. The numbers decreased and was back to normal units in two and half hours (plot 4) according to the EMG amplitude shown in Fig. 6 . Although during running there is variable response from muscles due to their active level during running, the MAV changes show there is no strong correlation between them. All the muscles are back to normal behavior at the same time. 
B. Median Frequency
Frequency changes in EMG is involved with changes in muscle fibre conduction velocities, subsequent changes in the duration of the motor unit action potential waveform, the size of muscle fibre and fluctuation of muscle force [2] , [21] . The decreasing of frequency or median frequency indicates that the muscle is under fatigue condition [16] . Fig. 7 shows changes in F med before and after treadmill test. The F med is shifted to lower frequency just after the treadmill test, and gradually increased to 30~60minutes after the activity. Fig. 7 also shows the different response and behaviour by the muscles. BF response shows that the muscle took the longest time to recover compared to others. It is contradicted to RF where it shows the fastest recovery. Different response between both muscles might be close related to most active muscle during running. It is discussed and explained in [22] , where it shows that RF, VM and VL are included in least active muscle during running compare to BF. More active muscles may lead to more physiological changes such as muscle fluctuation and velocities, which reflect to EMG behaviour.
After plot 4, which is about two hours after the activity, F med shows different trend where the F med is slightly decreased. Daily activities such as walking before the EMG recording may affect the measurement. 
C. Heart Rate
Physiologically, cardiac activity and its condition may determine and cause fatigue [23] . Increasing heart rate or rapid heart rate is close related to oxygen and blood flow to the muscle and other organs. The heart needs to pump both parameters to suffice what the body requires. Unable to pump as required will cause fatigue and tiredness. Monitoring heart rate during and after physical training is the easiest way to assess fatigue level and recovery [24] . A person who is under fatigue usually has higher heart rate compared to daily life's heart rate. In athlete sports training, heart rate measurement will determine either they should get a rest or may continue the training session [24] . Figure 8 . Changes on heart rate (bpm) before and after treadmill test: 1 before the activity, 2-6 after the activity.
As shown in Fig. 8 , heart rate changes before and after the treadmill test. Plot 1 to 5 belongs to the measurement after the activities. The physical assessment is able to achieve about 60 -70% of maximal heart rate, with intensity of 50%.
Max Heart Rate = 220 -Age
From the figure, it shows that the highest heart rate achieves just after the activity and it slowly decreased. It also shows that the pumping activity by the cardiac is back to normal rate within three hours after the activity.
V. CONCLUSION
The results of this work demonstrate that EMG behaviors show different response in fatigue mapping after treadmill test. Physiological body response inside the muscle might be the main factor of different responses. As mentioned, BF is grouped among most active muscle during running compared to RF, VM and VL which included least active muscle. It can be concluded that more active muscle used during activity may reflect to frequency shifting and recovery duration. Even so, all four muscles are able to go back to normal parameter in term of frequency faster compared to MAV and heart rate changes. At minute 120 -160, the muscles are able to go back to normal stage based on frequency analysis, while MAV and heart rate needs more than 160minutes to fully recover. The results also demonstrate that fatigue level is easier to change in frequency parameter where daily activities may effects result experiment.
